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What Do We Hope to find at LHC?

* Answers to very fundamental
and simple questions:

— Why do particles have mass?
» Possible answer: The Higgs boson

— Why is gravity so weak?

» Possible answers: supersymmetric
particles, extra spatial dimensions

— What is the Dark Matter?

» Possible answer: the lightest
supersymmetric particle

— The unexpected ...
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— 4% Atoms




The Higgs Mechanism

1964

— P. Higgs
— R. Brout, F. Englert

New scalar self-interacting
field with 4 d.o.f.:
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Ground state: non-zero-value
breaks electroweak symmetry
generating

— 3 Goldstone bosons: W+ ,Z,

— 1 neutral Higgs boson

Masses of fermions m;
proportional to unknown
Yukawa couplings g:
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all atoms
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What is the Dark Matter?

NGC 6503

20
Radius (kpe)

Standard Model only accounts for
20% of the matter of the Universe:

140,39 Many theories predict production of dark

U 061 matter particles at the LHC




The Large Hadron Collider (LHC)
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Total Weight & 14,500
Overall Giameter : 1460 m
Overall length ~ : 21.60m
Magneticfield ;4 Tesla




First accelerator ever:

E. O. Lawrence
Nobel Prize 1939







LHC Accelerator

. 30,000 tons of 8.4T dipole magnets it Ll

+ Cooled to 1.9K with 90 tons of | ~
liquid helium

* Energy of beam = 362 MJ
— Kinetic energy of 15 ton truck at [Nl 26th 2007
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The Large Hadron Collider

4 experiments
300ft under 85 countries
ground /000 scientists

>1000 students

~$8 billion Plcnrlls') :-
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At border of Switzerland and France
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ATLAS and CMS Detectors
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Tile Calorimeter Liquid Argon Calorimeter
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Toroid Magnets  Solenoid Magnet SCT Tracker Pixel Detector TRT Track

Weight Length
(tons) (m)

ATLAS 7,000 42
CMS 12,500 21

Height
(m)
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ATLAS and CMS Detectors
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LHC Data Taking: 2010-2012

o T T E * Integrated L: 28 fb-

;_ATLAS Online Luminosity
o e 7Ty s — More than 2 X Lroy.cron

- = 2011 pp\s=7TeV
 Peak L: 7.7x1034 cm-2s-1

- — 2012 pp V5 =8 TeV
— 20 million events/second
— Write to disk about 400
events/s
5 - Data Volume
Yot oS o oct — Total: ~150,000 TB
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Worldwide LHC Computlng Grid

Tier-2 Centres
(> 100)

Tier-1 Centres
- - 10 Gbit/s links
. Glljk’d

LAC Tier-2 Cerjtefe

TRIUMF
INFN - CNAF o Comets
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Luminosity

* Single most important quantity

— Drives our abillity to detect new processes

f v Mounch sz revolving frequency: f.. =11254/s

L= #bunches: n, ., =1368
43'[(;X(jy #protons / bunch: N = 1.5 x 101
Width of beams: o, = 0, = 15 um

— Rate of physics processes per unit time directly

related: Cross section O
Nops=JLdt € O Given by Nature

Efficiency: calc. by theorists

optimized by
experimentalist
15 Ability to observe something depends on N, .




Physics Cross Sections

Process M,
qo—W 80 GeV
qq—2Z’gy 1 TeV
gg—H 120 GeV

qq/gg —tt 2x173 GeV
gg — 99  2x400 GeV

g(LHC @ 7 TeV)

o(Tevatron)
3
50
20
15
1000

WJS 2010

1000 ¢

100 |

luminosity ratio

—
o
LELILN |

ratios of parton luminosities
- at 7 TeV LHC and Tevatron

MSTW2008NLO

« [Ldt=1 fb-!' at LHC competitive with 10 fb-1 at

Tevatron for many processes

19




Calculating a Cross Section
 Cross section is convolution of PDF’s and Matrix Element

Physical cross Parton distribution function

section Renormalization scale ug

o( P, ) = Z / dridzrs fi(x1,pr)fi(ra.pur) dij(p1,p2.as(pur), (J""). IR JLF).
L

g - \
Short distance cross

section, calculated as
a perturbation series
1N Og

Calculations are done in
perturbative QCD
Possible due to factorization
of ME and PDF’s

= Can be treated independently
Strong coupling (o) is large

= Higher orders needed

= Calculations complicated

Factorization scale u




Physics Processes at the LHC

proton - (anti)proton cross sections
10" gy 10°

process

10°

Otot

10

Tevatron

Bottom quarks

-1

W bosons
Z bosons
Top quarks
Higgs (M=125 GeV)
H->yy (M=125 GeV)

events / sec for L = 10® cm®s

" Fo,..(M =120 GeV)

Higgs

E-

200 GeV

500GeV //
1 1 L 1L 1 I f y
0.1 1

Vs (TeV)

E WJs2010
L1 II L




Total Cross Section: pp -> X

L ll
Otot (red), Tine (blue) and ¢y (green)

s pp (PDG) «  ALICE
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Dimuon Mass Spectrum
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q> Z/Y*<1
g 1

« Z boson used as calibration signal S aeansersaatassanstNONIIRE
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Z Boson Production

ATLAS Z/y*> I
CMS Ziy*—> I
CDF Z/y*— ee/uu
DO Z/y*—> ee
UA1 Z/y*— ee
UA1 Z/y*>

ATLAS
Data 2010 (\s = 7 TeV)
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M . ﬁ
Q 0 " ’

Data agree with state of

the art calculations
(BLACKHAT+SHERPA)

L. Dixon ef al.

o(W + 2N, jets) [pb]

Theory/Data
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< Data 2010,\'s=7 TeV
v ALPGEN
A SHERPA
PYTHIA
—®—— BLACKHAT-SHERPA
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.—X—.

-1 ——
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Top Quark Production




Production of vector bosons and top quarks

[pb]
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36, 19 pb’

CMS

§ 7 TeV CMS measurement (staidsyst
i 8 TeV CMS measurement (stat®syst
— 7 TeV Theory prediction
— 8 TeV Theory prediction

ww
o Wz

—o—n WWWZ

El> 15 GeV
AR(y) > 0.7

4.9 b
53fb'"

50fb' 4.9fb’

-1
5.0 fb 3.5 fb‘1

JHEP10({2011)132
JHEPO1{2012)010
CMS-PAS-SMP-12-011 (W/Z 8 TeV)

CMS-PAS-EWK-11-010 (W2)
CMS-PAS-SMP-12-005 (WW7),
007(ZZ7), 013(WW8), 014(ZZ8), 015(WV)

CMS EWK-11-009




The Higgs Boson Search




A PHENOMENOLOGICAL PROFILE OF THE HIGGS BOSON

John ELLIS, Mary K. GAILLARD * and D.V. NANOPOULOS **
CERN, Geneva

Received 7 November 1975

We should perhaps finish with an apology and a caution. We apologize to ex-
perimentalists for having no idea what is the mass of the Higgs boson, unlike the
case with charm [3,4] and for not being sure of its couplings to other particles, except
that they are probably all very small. For these reasons we do not want to encourage
big experimental searches for the Higgs boson, but we do feel that people performing
experiments vulnerable to the Higgs boson should know how it may turn up.




iggs Boson Production

t Hq \ S= 7 TeV

t

LHC HIGGSXSWG 2010

g g fusion
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00 200 300 400 500 1000
M, [GeV]

* Production rate know to ~10%

— Various production mechanisms sensitive to different Higgs
;1 couplings (top quark versus W boson)
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Finding the Higgs Boson (with photons)
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M,....= M(yy)=2 E, E, (1-cosa)

Higgs




Diphoton Mass Distributions

............................

> 7000 =
S - Selected diphoton sample - CMS Vs=7TeV,L=51f"Vs=8TeV,L=5.3 fb1
Al 6000 = ° D.ata2011_.+2012 — > _| LA L B B L B
~ - Sig+Bkg Fit (mH=126.5 GeV) 3 )
% 5000 TN e Bkg (4th order polynomial) = O) i
E 4000/ ATLAS Preliminary 3 © I
o0 3 T1500
= - ~~ -
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* Both experiments see
peak at ~125 GeV

m,, (GeV)
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Higgs boson decaying to
two Z bosons

CMS preliminary Ns=7TeV,L=51fb"'ys=8TeV,L=1221fb"

> AT T T | TTTT | LI | L | LI | LI l L | TTTT | > [
3 120 ¢ Data ] §35_— * Data ATLAS Preliminary
- . oo () .
% : |:|z+x : %30__ B Background 27 _ Ho 774
€2 10 i DZY*, 77 _ oL - Background Z+jets, tt
c B ] C Signal (m =125 GeV)
g i [ |m=126Gev ] 25—,D H
W gL i " 77 Syst.Unc.
oL ! ! “Hs=7TeV:[Ldt= 4.6 b
i ! | ly oF : [Ldt = 13.0 fb”
4ff | :
: IT L L .9 L J_ :
2 -;0 l:FFFf'r_'i . [ r‘ ' =
:-‘_T * L . L :
gt ) 14 Y T P O Y P F T
110 120 130 140 150 160 170 180

m,, (GeV)
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Run: 203602
Event: 82614360
Date: 2012-05-18
Time: 20:28:11 CEST




Probability of statistical fluctuation

1 I I I I 1 I I I I I I I
ATLAS Preliminary J ;
— Combined observed '° = gez’ Jt:: B 411'36;;_'? fb
- - Combined expected 'S =eley, B

PR SR [N S ST ST T N TN TN TN T (NN TN SN SRR SN NN SN SN SO SN NN MO '
115 120 125 130 135
my [GeV]

« p<10-"" corresponding to about 70
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Is it the Standard Model Higgs boson?

I I

125G V Lr) _I LI | L [ L l llllllll I L | L [ L I L I L |_
ATLAS Prellmmary : ™ ) g 80— JP = 0* (SM) pdf ° Background -subtracted data —
}N 7ZT|:/| IL—d>t tit; o' el 7 | —gg, JF = 2!, pdf Background uncertainty i
Vs =8TeV: Ldt= 131" : + - _
H— 11 , Qo 60— ]
Vs =7TeV: [Ldt = 4.6 16" P Lﬁ L -
\s sTvILdt 13fb ; B - _
H— ww" - Iviv i 40— ~
Vs=8TeV: |Ldt= 131" i e u | e 7]
. | = |
H— i - -+ ] ‘
\s 7T’\¥¥Ldt 481" b e 20:—._ »w + .
\s 8vaLdt 13fp" gk
H-zz" - 4 : | ‘LO—
\s =7 TeV: |Ldt = 4.6 o' e 0
\s =8 TeV: | Lat = 13 fo" 5
Combined ~ 11=1.35+024 20 T ]
A s ATLAS Preliminary JL dt=13fb ", Vs =8 TeV -
I I | I l | 11 1 | 11 1 1 | |||||||||||||||||||| | 11 1 1 I 11 1 1 | 11 1 1
-1 0 +1 0 0.1 0.2 03 04 0.5 06 0.7 0.8 0.9 1
Signal strength () |cos6*|

Decay rates, spin and parity consistent with SM
Higgs boson

— But statistics low
» — Need much more data to probe thoroughly




Mass Measurement

CMS Preliminary {s-7TeV.L-5.1f0" \s-8TeV,L-
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Hierarchy Problem

h

* Free parameter mtee
“finetuned” to cancel huge
corrections

 Considered to be “unnatural”

— Some unknown ad-hoc
parameter introduced with
superb precision

Theoretically not satisfactory




Solving the finetuning problem

Dimopoulos et al.

e "Supersymmetric” particles Superpartners!

PARTICLES

— Each SM particle has a partner
with different spin, e.g.:

SM spin SUSY spin
electron 1/2  selectron O
top 1/2 stop 0
gluon 1 gluino 1/2

— SUSY loops cancel SM loops

« Size of loops naturally the same
IF particle masses similar

=> SUSY particles should be found
at the LHC

— No tuned ad-hoc parameter

., heeded




More virtues of Supersymmetry (SUSY)

« Electromagnetic, strong and
weak force unify!

— Miss unification in SM (barely)

— Unify in SUSY if masses below
~100 TeV!

1/coupling constant

_ / with SUSY
1/a.

 Provides candidate for dark
matter with mass ~ 0.1-1 TeV

— Lightest SUSY particle, typically
the “neutralino”

If SUSY particles are solution to finetuning problem
they will be found at the LHC




Current Result: Jets + MET

1025!\I|I\1![\I!!|I\\1|f||l||\\II!III\I\\{Ii
F ATLAS Preliminary Ldt=5.8f"
N SRE - 6 jets e Data 2012 \'s =8 TeV) ]
— SM Total

- - SM+SU(1600,400,0,10)
Multijet

+ tt & single to )
= + W+jetsg P

- Bl Z+jets —

- @ Diboson ]

o l**

i‘ﬂ C. ;..4 R A

events / 100 GeV

]

Jets result from cascade
decays of squarks and

DATA/ MC

0 500 1000 1500 2000 2500 3000 _ 3500 _ 4000
m(incl.) [GeV]

MSUGRA/CMSSM: tanf = 10, Ao= 0, u>0
T T T

I' —3000 EA/ I R B s B B B
g UanS 3 E | | | /! I%Obsclervedlimit(lﬂcilifrvy)z
. 9 - -~ - Expected limit (+10,,.)

Excludes squarks with praminary S R
. g - JLdt:SSfb“ {s=8 TeV Stau LSP -

T 2000 [— S0 ]

M<1.5 TeV and gluinos ks> IENE S N :

with m<1 TeV

— Assuming the squarks [
are all approximately
44 degenerate 200 400 600 800 1000

DO, Run Il, tanf = 3, u<0

IIIIIl[IllllI

1 I 1 1 1 I 1 1 1 I 1 1 1
1200 1400 1600 1800

gluino mass [GeV]




s 1P T T
@ ATLAS Preliminary ¢ Data2012 (Is=8TeV)
o " 77 Standard model
8 10 J.L dt=13.0 fb-1 [JMultijets (data estimate)
~ ' gtf 7
[ 3 V4 ]ets Vv
Q 10 SRN3 @B+ V, single top E
e my, =600 GeV, my0 =50 Ge v
w102 ‘m{ 500GVm =200 Gey

e+u channels

top squark required to be light  [REE=E—_—G—G. ! |

to solve hiearchy problem
-

top squark search done In
many decay channels
aM,, [GeV]

Data/SM

M(stop)<550 GeV excluded
for LSP masses below ~150
e\ =t s

250__ served limits  Observed limits (-10,,.,,) ==+ Expected limits —_|

"tﬁ production, ﬂ—> t %‘1} Status: December 2012
3507\IIIIIII|II\I|III\|IIII|IIII‘II\Il\\IIlII\\lIIII

- ATLAS Preliminary | _i3p7\s87ev L, =471" 157 Tev]

[GeV]

3= 300 L - 0L [1208.1447] ]

— Many caveats though as
statement depends on
other SUSY parameters

50—

L4 i L1 ; 11 E 1
200 250 300 350 400 450 500 550 600 650
m; [GeV]




Spl it SUSY Arkani-Hamed,

_ _ _ Dimopoulos ‘02
* give up on solving hierarchy
problem

— Still want Dark Matter
candidate and gauge force
unification

ATLAS

MS-agnostic ~4-Data 2011 (s =7 TeV)
JLdt 471" Bkg estimate £+ 1 ¢ (syst)

----Signal g (m = 800 GeV)

Candidates / 20 GeV

— Squarks and sleptons heavy
but gauginos and gluino light

* Could result in meta-stable

gluinos “ w

— Experlmental Slgnature Of 0_0 200 400 600 800 1000 1260 1400
long-lived charged massive m, [GeV]
particles Gluinos excluded

— ldentify through precise timing up to ~1 TeV
(B<1) and measurement of

4% energy loss




Summary of SUSY Searches

MSUGRA/CMSSM : O'lep +j's + E
MSUGRA/CMSSM : 1 lep +j's +E,
Pheno model : O lep +j's + E,
Pheno model : O lep +j's + £,
Gluino med. 1 (G—qax ) :1lep+js+ E
GMSB (I NLSP):2le SOS) +i's+ E
GMSB (TNLSP): 1-27 + lep+Js+E
GGM (bino NLSP) : yy + E
GGM (wino NLSP) : v + lep + E
GGM (higgsino-bino NLSP) :y + b + E
GGM (higgsino NLSP) : Z + jets + E
Gravitino LSP : 'monojet’ + E
g-;bb,; (virtual t b) Olep+3 b-J S+ E
g—»tlg (wrtualt) 2lep (SS) +j's+ E
g—>tt( (virtualt) : 3 lep +j's + E
g—>tt,( (v1rtua|l) 0 lep + multi-j's + E
gty _(wrtualt) Olep +3b-j's + E
bb,b, —>bL 0 lep + 2-b-jets +E
bb,b.—tyg 3Iep+Js+E
tt (light), t—)kg,( 1’2 Iep (+ b-jet) + E,
tt (medium), t=bj : 1 lep + b-jet + E
tt (medlum) t—»b,( 2lep + E
tt, toty. :1lep + b-jet + E
tt, l—>l,( 0/1/2 lep (+ b-jets) + E,
tt (natural GMSB) Z(—»II) + b-jet + E _
I ISl - 2lep +E, s
1A L—>Iv(lv)—>lv,( 2lep + E,
, L vl I(vv), M1 I(vv) : 3 lep +E
% z“ S W ZY  31eprE)
Direct 1, palr prod. ( AMSB) long- I|ved ,(
Stable QR hadrons : low B, By (full detector)
Stable t R-hadrons : low B, By (full detector)
GMSB : stable T
,( — qqu (RPV) : 11 + heavy displaced vertex
LFV : pp—V._+X, V.—e+l resonance
LFV : pp—v, +X, V. —>e(u)+* resonance
Blllnear RPV CMSSM 1lep+7js+E,
1. ,( & W3, ,( _—eev env, cdlep+E
Il T, ST ,( —>eev euv :4lep +E; e
d— q9q.: 3- Jet resonance pair

) _ Scalar Bluon 2-jet resonance pair
WIMP interaction (D5, Dirac ) : 'monojet' +E

eSS
eSS
Jmess
JMiss
JMiss
JSSs
MisS
Miss
Miss
Miss
mess
Jess
eSS
Miss
Mess.
Miss.
eSS

Jess

Jess

0 miss

XX, =

eSS

T.miss

T.miss

JTesS

ted
oted

selection of the available mass

are observed minu

Searches* - 95% CL Lower Limits (Status: Dec 2012)

| | [ T T TTT L
L=5.81b", 8 TeV [ATLAS-CONF-2012-109]
L=5.81b", 8 TeV [ATLAS-CONF-2012-104]
L=5.81b", 8 TeV [ATLAS-CONF-2012-109]
L=5.81b", 8 TeV [ATLAS-CONF-2012-109]
L=4.7 b”, 7 TeV [1208.4688]

L=4.7 ", 7 TeV [1208.4688]

L=4.7 1b", 7 TeV [1210.1314]
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« The LHC works fantastically well =% e eomrcesmas

w»

— Already more than twice the Tevatron dataset at 4 times
higher energy

 Found a new particle consistent with the Higgs boson

— Program of property measurements is starting
* Is it fully consistent with SM Higgs boson?

* No other new particles found (yet!)
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ATLAS Preliminary (Simulation)

\s = 14 TeV: [Ldt=300 fb " ; [Ldt=3000 fb”
‘I-Ldt=300 fo™! extrapolated from 7+8 TeV

» This was just the beginning!!!

— High energy running starting in 2015
(Vs=13 TeV)

— Increase luminosity by factor ~15 by 2021
and another factor 10 by 2030

* Major detector upgrades required
— Wil probe
* Higgs couplings with 2-10% precision
» squarks and gluinos up to ~2.5 TeV
« Stop quarks up to ~1 TeV

ATLAS up rade week on Stanford cam
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LHC time line

% LHC startup, Vs = 900 GeV

V s=7~8 TeV. L=6x10% cm2s"!. bunch spacing 50 ns v Done
~20-25 b

Go to design energy, nominal luminosity (Phase-0)

Vs=13~14 TeV, L~1x103* cmr? 5’1, bunch spacing 25 ns
~75-100 fb1

Injector and LHC Phase-I upgrade to full design luminosity

\s=14 TeV, L~2x10%* cm? s, bunch spacing 25 ns Approved
300 fb!at 14 TeV
HL-LHC Phase-II upgrade, IR, crab cavities

HL-LHC:
Vs=14 TeV, L=5x10% cm? s, luminosity levelling 3000 fb! at 14 TeV




More Information

 Information, explanations, movies, images ...
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LHC milestones

March 2007: last dipole magnet installed

September 2008: first beam but major accident prevents LHC
startup in 2008

Nov. 2009: first collisions at injection energy (900 GeV)
March 2010: first collisions at 7 TeV

— 3.5 time higher energy than Tevatron
End of 2010: L=40 pb-! of data recorded

— Sufficient to make many tests of Standard Model and to test
supersymmetry beyond Tevatron

— Not enough to test the Higgs
End of 2011: L=5 fb-' of data recorded
— nearly 100 times more than 2010

— Sufficient to probe Higgs boson over much of the mass

range
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